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a b s t r a c t
The excellent thermo-oxidation properties of NO2 have been previously reported, pointing to fast carbon co-
deposits removal even at temperatures as low as 200 °C. On the other hand, CO, CO2 and water have been
found as the main gas products in oxidation by O2, but in NO2 they have not been conﬁrmed. To make a more
accurate assessment, the use of in-situ deposited deuterated hydrocarbon ﬁlms—to be able to distinguish
products from ambient, protonated ones—in a fully-baked chamber have been used in the present work,
mainly aimed at detecting heavy (deuterated) water among the reaction products. Other products from hy-
drogen isotopes could not be identiﬁed, but their production would be much lower than water. The ratio of
the total deuterium to carbon products detected is lower by an order of magnitude than the D/C ratio of the
ﬁlm (0.04–0.07 to 0.4), probably associated to the diﬃculties of measuring water in a vacuum system, and the
relatively large quantity of backgroundwater found. Furthermore, post-oxidation of CO to CO2 has been found
for NO2 at any studied temperature, while for O2 a faster post-oxidation which only occurs at T > 275 °C was
found. Finally, the implications of the water production in the use of thermo-oxidation in actual and future
nuclear fusion devices are also addressed.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Introduction
Thermal partial desorption and thermal oxidation have been rou-
inely used in the industry and laboratories for purifying materi-
ls (like steel in metallurgy) and/or remove undesirable deposits
like petroleum coke in reﬁneries). In a nuclear fusion device both
echniques are easy to apply as they do not require any special
quipment [1–16]. Furthermore, opposed to other tritium removal
echniques—as plasma, laser desorption and ablation, etc.—baking
nd thermo-oxidation can treat hidden parts, like sub-divertor areas,
umping ducts, castellation gaps, etc. [1–3]. In the case of carbon co-
eposits, those areas are precisely where fuel-rich and more chemi-
ally reactive ﬁlms develop [17,18]: therefore making them easier but
aramount to remove.
The main drawback of thermo-oxidation in most actual devices
nd ITER is its limitation to maintenance periods, when the vessel
alls can be heated up around 300–400 °C by hot helium injec-
ion through the cooling system [19,20], and also because of the re-
uired reconditioning of the walls before plasma operation to remove
he absorbed oxygen [10]. However, the temperature achieved is not∗ Corresponding author.
E-mail addresses: daniel.alegre.castro@gmail.com (D. Alegre),
aco.tabares@ciemat.es (F.L. Tabares).
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ooling tubes, and thus to the device design. The analysis of this
tudy is a continuation of previous works done for the treatment of
TER carbon co-deposits [1–3], so the temperatures studied are in the
ange of 350 °C for divertor and 200–275 °C for main wall and re-
ote parts. At present, due to budget restrains as well as due to tri-
ium trapped in co-deposited carbon layers, ITER will not use carbon
aterials at the divertor strike points in spite of their excellent re-
ilience against large heat loads. Nevertheless, many present exper-
mental nuclear fusion devices (DIII-D, TCV, etc.) and new ones (JT-
0SA, KSTAR, Wenderstein-7X) use carbon elements, so the removal
f carbon co-deposits is still necessary for a better device operation—
lasma density control, dust events, etc. The temperatures used in
his work are not very different from the ones achievable in present
evices, such that the results can be extrapolated to them. Moreover,
ven for ITER this study could be useful if carbon materials have to be
ventually installed in the case that operation with tungsten tiles at
he strike points is precluded by unexpected reasons.
Compared to other carbon removal techniques, thermo-oxidation
ﬃciency is not signiﬁcantly affected when treating real tokamak co-
eposits compared to laboratory ones, evenwhen contaminatedwith
xygen getters as beryllium or boron [3,5–9,15], except at very large
uantities of boron [8]. Even more, treatment of co-deposits in-situ
eems to be more effective than ex-situ [10], probably caused by the
eleterious effects of exposition to the atmosphere. Being a volumer the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Side view of experimental setup for DC-GD plasma a-C:D deposition and thermo-oxidation. 1. Gate valve; 2. CaSO4 ﬁlled column for water adsorption of inlet gas. Eventually
regenerated by baking at 120 °C for 2 h; 3. All-metal leak valve; 4. Anode; 5. Electron gun; 6. Stainless steel net to limit plasma expansion; 7. Teﬂon covered cable from the
thermocouple; 8. BN covered cable from the electron gun; 9. Temperature controller by thermocouple; 10. Pumping system (turbo pump and rotary vacuum pump); 11. Capacitance
manometer, (a) 1–1000 Torr, (b) 1–1000 mTorr; 12. Optical port; 13. Manometer (Bayard Alpert); 14. Bellow with 1 mm pinhole. The vacuum chamber can be baked by thermocoax
in the plasma section and by silicone-rubber covered heater in the rest.
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wreaction, thermo-oxidation is highly suited for the porous tokamak
carbon co-deposits, as it acts on the whole co-deposit [4,7], i.e. it is
independent of co-deposit thickness [4]. Water has been found to be
themain hydrogen product from thermo-oxidation in O2, usually 99%
[11–14], and CO2 has been found as the main carbon product with ra-
tios to CO from 10 to 2.5 [12–14]. However, the generation of products
like tritiatedwater has been predicted but not conﬁrmed in NO2 [1,2].
With respect to the reactive gas, previous studies have shown that
oxygen, the most common oxidant, can be effective at the usual max-
imum allowed temperature of 350 °C given suﬃcient time [7], but it
is not adequate at the lower temperatures prevailing in remote parts
and main wall [1,7]. On the contrary, NO2 has shown a huge removal
rate of tokamak [1] and laboratory ﬁlms [2,4] at 275–350 °C, and it is
eﬃcient even at 200 °C [4].
In any case the investigation of the possible drawbacks of thermo-
oxidation with NO2 is necessary. This work focuses on the detection
of the hydrogen-containing gas products: molecular hydrogen, hy-
drocarbons and mainly water. While molecular hydrogen and hydro-
carbons are the best products in terms of hydrogen isotopes recovery
and recycling, large quantities of tritiated water would be more ex-
pensive and more dangerous to treat. Therefore, an identiﬁcation and
quantiﬁcation of the thermo-oxidation products is paramount for the
implementation of this technique in nuclear fusion devices. In order
to do this, a laboratory reactor has been fully baked to reduce the nat-
ural water and its walls have been coated with a thick a-C:D ﬁlm to
distinguish the produced deuterated water from natural one as ex-
plained in Section 2. Afterwards, the reactor has been baked in a NO2
and O2 atmosphere. The gas analysis by mass spectrometry is given
in Section 3, and the quantiﬁcation of the products, especially wa-
ter, is discussed in Section 4. Finally the conclusions are exposed in
Section 5.. Experimental
The setup of this work is focused on the detection of deuterated
ater from the thermo-oxidation reactions, and it is presented in
ig. 1. The setup can be fully baked to reduce the residual water con-
ent, up to 160 °C, and the tube where plasma is generated can be
eated up to 500 °C by means of a thermocoax for thermo-oxidation.
he setup is pumped down by means of separate turbomolecular
umps in series with roughing pumps, and it is baked during a few
ays to improve the residual vacuum and minimize the isotopic ex-
hange between the produced deuterated water (and other possible
roducts) and the natural, protonated water. The pressure in plasma
nd diagnostics section is around 1-3 × 10–6 Pa, while the analysis
hamber reaches 3–5 × 10–7 Pa.
Plasma section is routinely cleaned after each experiment by a
e/20%O2 at 1 Pa Direct Current (DC) glow discharge (GD) plasma
uring 30 min to remove any residual carbon layer, followed by a D2
C-GD plasma at 1 Pa during 1 h to remove the oxygen by-products
nd to promote isotopic exchange with residual H. These combined
reatments are effective as no ﬁlm has been detected in any vacuum
art when the equipment was disassembled. Then a He/20%CD4 DC-
D plasma at 1 Pa is produced to cover the inner walls of the plasma
ection (377 cm2) with a 300 nm a-C:D layer of hard type and D/C ra-
io of 0.4 analyzed by Nuclear Reaction Analysis (NRA). Thickness, and
hus deposition rate, was measured by proﬁlometry from a masked
ilicon piece placed at the bottom of the plasma section during prepa-
ation experiments. After that, the ﬁlm is left to stabilize overnight,
ut only a few minutes should be necessary [21]. The following day,
rior to each thermo-oxidation, the setup is baked at 150 °C for 3 h to
educe water sticking during the experiment. Then the tube coated
ith the a-C:D ﬁlm is slowly heated (10 °C/min) to the experiment
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Table 1
Reference table for them/q ratios used in this work to follow the evolution of the different
molecules in Figs. 3–6. The molecules complete cracking pattern (not shown) is used in
Section 4 to calculate the products yield.
m/q peak 2 18 19 20 28 30 32 44 46
Molecule H2 H2O HDO D2O CO NO + NO2 O2 CO2 NO2
Fig. 2. Mass spectra taken before gas injection and during the thermo-oxidation of a
hard a-C:D ﬁlm in 20 kPa of NO2 at 275 °C. Inset of lower masses in green (only in
electronic version).
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Fig. 3. Time evolution of themass spectra taken during the thermo-oxidation of a hard
a-C:D ﬁlm in 20 kPA of NO2 at 350 °C. Points 1 and 3 are the injection and evacuation
of gas respectively. Jump in signals in point 2 is made by modifying the ﬂux to the RGA
chamber to enhance sensitivity.
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memperature, and allowed to stabilize during 30 min (no deuterium
elease was detected). Finally, the communication to the pumping
ystem of the plasma (thermo-oxidation) chamber is closed by a gate
alve, and pure (99.9999%) O2 or NO2 is introduced by means of leak
alve 3a in Fig. 1 up to the desired pressure and left to react during
3 h. Ideally, it would be desirable to operate with a continuous in-
ection of O2 or NO2 to pump out the products in order to be able to
etect them in real time. This operation mode was tested but, among
ther problems, the contribution of the products to the gas mixture
as very low compared to the large excess of reactants, so their sig-
als could not be separated from noise.
Both plasma and thermo-oxidation processes were monitored by
ifferentially pumped mass spectrometry with a SRS Residual Gas
nalyzer (RGA-100) in the analysis chamber. As the pressure neces-
ary for thermo-oxidation is very high (in the order of kPa) the pres-
ure drop is controlled by means of an all-metal leak valve in series
ith a 1 mm diameter pinhole. This allows the pressure drop be-
ween them to be varied by factors from 104 to 109 to ﬁnd an opti-
um balance between signal-to-noise ratio for the reaction products
nd the desired low pumping speed. High purity Ar was used to ad-
ust the pressure of the analysis chamber prior to each experiment to
few mPa to enhance sensitivity of minority products.
. Mass spectra analysis
The gaseous products from thermo-oxidation are carbon oxides,
O and CO2, but from hydrogen isotopes they could be many: molec-
lar hydrogen, water and hydrocarbons. In the case of thermo-
xidation with oxygen only water has been detected, with residual
oncentrations of other hydrogenated products [11–14]. The main
trategies to distinguish hydrogenatedmolecules (mainly water) pro-
uced during the thermo-oxidation from natural, protonated H2O
ndH2 molecules have been the use of tritiated ﬁlms [11], and deuter-
ted ﬁlms [13,14], with also 18O isotope [12]. In this work deuterated
ydrocarbon ﬁlms are used. An example of the mass spectra mea-
ured during the thermo-oxidation in 20 kPa of NO2 is shown in Fig. 2.
s it can be observed, in spite of the long conditioning of the vac-
um chamber there is an important quantity of background, proto-
ated water (H2O), as can be deduced from the large m/q 18 peak
nd its cracking pattern, m/q 17, the 20% of it. This water most prob-
bly was dragged out from the walls during reactive gas injection,s no background water is seen before, see Fig. 2. Deuterated wa-
er is also detected: HDO m/q 19, and a lower quantity of D2O m/q
0 (around 4 times less), which indicates an important isotopic ex-
hange between the generated D2O and the protonated background
2O molecules. Water molecules easily adsorb on the stainless steel
all and a-C:D ﬁlm, which facilitates the isotopic exchange as has also
een described in other works [14]. This relatively large quantity of
euterated water is generated during the thermo-oxidation of the a-
:D ﬁlm, as the comparisonwith the generated carbon products yield,
O and CO2 in the following point demonstrates. The low RGA reso-
ution at low m/q ratios, 1–6, makes impossible the measurement of
he small quantities of HD and D2 (atm/q 3 and 4 respectively), which
ill be probably produced. Nonetheless, the yield of HD and H2 have
o be far smaller than that of HDO and D2O as their m/q 19 and 20
eaks intensities are larger than the background at m/q 3 and 4, so
D and D2 yield has to be similar or lower to the one found in O2
hermo-oxidation by other authors (∼1%) [11–14].
Other products like partially deuterated methane and ammonia
ave also a cracking pattern between m/q 12 and 20, in the range
howed in the inset of Fig. 2. However, the analysis in this range is
omplicated because of the overlapping of the cracking pattern of the
ultiple products and reactants: m/q 16 due to O2
2+ and O from O2
nd NO2; m/q 14 due to N
+ from NO2; and m/q 12 due to C
+ from
O2 and CO. Other products like superior hydrocarbons, HCN, DCN
nd CNOHx are not considered, as nom/q 25, 26, 27 or 42 peaks from
heir cracking pattern are detected. A cold ﬁnger with liquid nitrogen
ould not be used in these experiments to solve themass spectra peak
verlapping as in other previous works of our group [22,23]. In this
xperiment the reactant NO2 would condense very easily as its con-
ensation temperature is close to that of water (by 10 K) hindering
he products detection, specially water. Nevertheless, other deuter-
ted products different from water are very unlikely as in thermo-
xidation by oxygen almost only water was found [11–14], and
O2 is more oxidant, and thus, less prone to methane or ammonia
roduction.
In Figs. 3–6 the evolution of the mass spectra with time for the
O2 thermo-oxidation at 200, 275 and 350 °C, and from O2 at 350 °C
re presented. For a better understanding, in Table 1 it is presented
hich m/q value is used to follow the evolution of the different
olecules, considering the main peak of their cracking pattern. In
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Fig. 4. Time evolution of themass spectra taken during the thermo-oxidation of a hard
a-C:D ﬁlm in 20 kPA of NO2 at 275 °C. Points 1 and 3 are the injection and evacuation
of gas respectively. Jump in signals in point 2 is made by modifying the ﬂux to the RGA
chamber to enhance sensitivity.
Fig. 5. Time evolution of themass spectra taken during the thermo-oxidation of a hard
a-C:D ﬁlm in 20 kPA of NO2 at 200 °C. Points 1 and 3 are the injection and evacuation
of gas respectively. Jump in signals in point 2 is made by modifying the ﬂux to the RGA
chamber to enhance sensitivity.
Fig. 6. Time evolution of themass spectra taken during the thermo-oxidation of a hard
a-C:D ﬁlm in 20 kPA of O2 at 350 °C. Points 1 and 3 are the injection and evacuation of
gas respectively. Jump in signals in point 2 is made by modifying the ﬂux to the RGA
chamber to enhance sensitivity.
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tthose ﬁgures point 1 is the reactive gas injection, and point 3 is the
pump-out. Point 2 indicates the moment of the modiﬁcation of the
ﬂux into the analysis chamber by means of the needle valve between
pumping-diagnostic and analysis sections (point 3b at Fig. 1), which
causes a variation in the chamber pressure as can be seen in the
abrupt step of the signals. This modiﬁcation is done to enhance sen-
sitivity towards minority products. The complete removal of the ﬁlm
should be detected as a maximum in CO signal, m/q 28, as C is usu-
ally removed after D [4–7]. However, no clear maximum can be eas-
ily appreciated in these ﬁgures because of the absence of a strong
pump-out of gases to allow the detection of products, as explained
previously in the experimental section. Notwithstanding, the ﬁlm re-
moval is conﬁrmed during the subsequent He/O2 plasma done. After
thermo-oxidation at 350 °C in NO2 and O2 the production of CO and
CO2 in the plasma lasted for 1–2 min, and after 275 °C in NO2 about
4 min. These residual ﬁlms are probably on non-heated parts as the
anode and metallic net (points 4 and 6 in Fig. 1 respectively). After
thermo-oxidation at 200 °C in NO2, CO and CO2 are produced during
7 min, about a third part of the time required for the full 300 nm ﬁlm
removal.
In NO2 thermo-oxidation, some O2 can be produced in the ﬁrst
moments from the decomposition of NO2 into NO and O2 at the hot
(> 150 °C) stainless steel walls [24–26]. This is conﬁrmed by the slight
decrease along all NO2 experiments of m/q 46, related to NO2: ap-
proximately 13%, 6% and 4% for 350, 275 and 200 °C respectively; and
the parallel slight increase ofm/q 30, related to NO, about 9%, 10% and
13% for 350, 275 and 200 °C respectively. Both trends are specially
strong at ﬁrst moments. This initial fast decomposition suggests that
the reaction slows down when the stainless steel surface is fully ox-
idized. Furthermore, in O2 and NO2 experiments at 350 °C and NO2
at 275 °C (Figs. 6, 3, 4 respectively) the m/q 32 signal (O2) decreases
steadily, 12%, 40%, 20% respectively, and it is linked to a fast increase
inm/q 44, 650%, 100%, 90% respectively, indicating that part of the O2
is consumed in a post-oxidation of CO into CO2. Oppositely, at 200 °C
(Fig. 5) the increase ofm/q 44 (CO2) is much slower,∼30%, but instead
m/q 32 increases along all the experiment, ∼25%, suggesting that at
200 °C the post-oxidation of CO is just done by NO and/or NO2, as the
O2 generated from the decomposition of NO2 is not consumed. Con-
sequently, an initially fast thermal decomposition of NO and NO2 into
O2, and the post-oxidation of CO into CO2 seems to take place at all
temperatures studied here: 200–350 °C. But a fast post-oxidation of
CO by O2 takes place only at temperatures greater or equal to 275 °C,
especially evident in O2 thermo-oxidation at 350 °C.
4. Products yield estimation
In a vacuum system, water production is very diﬃcult to quan-
tify due to its easy sticking to the walls and its slow pumping.
Furthermore, the large isotopic exchange found in this work withackground water toward HDO would make any quantiﬁcation very
ncertain. Therefore, in this work deuterated water measurement in
he RGA has been compared to the yield of other products. The gen-
ral thermo-oxidation reactions for both O2 and NO2 are:
NO2 +C : D(ﬁlm) → NO + CO2 +CO + D2O(unbalanced)
O2 +C : D(ﬁlm) → CO2 +CO + D2O(unbalanced)
CO, CO2 and D2O have been considered as the only products from
hermo-oxidation of the a-C:D ﬁlm in accordance with previous ex-
eriments in O2 [11–14]. Consequently, the total production of CO and
O2 (carbon products) can be related to HDO and D2O (deuterium
roducts) yield and then compared with the D/C ratio of the a-C:D
lm.
The relative quantiﬁcation of the products is not straightforward
hen operating on stationary mode as this work. The reaction prod-
cts should slowly accumulate in the vacuum chamber as they are
roduced, so quantifying the mass spectra once the ﬁlm has been
ompletely eroded, ideally, should be enough. However, the slow
ump out of gas to the analysis chamber to measure its concentra-
ion in real time causes a steady loss of products at the end of the
xperiment. For this reason the accumulated values from the spectra
easured along the experiment have been used. The relative quan-
iﬁcation process is as follows:
1. HDO, D2O, CO and CO2 instant quantities were calculated for
each mass spectra using the calibrated mass cracking pat-
tern given by the RGA software. Background is subtracted to
all signals considering their respective mean value in vac-
uum. But in the case of CO m/q 28, the intensity in blank
experiments (reactive gas injection at walls at 150 °C) is
also subtracted to account for the N2 from air contami-
nation during gas injection and NO decomposition at the2
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Table 2
Averaged yield rate (in arbitrary units, see text for the averaging process explanation) of main carbon and deuterium
containing products, quantiﬁed during 20 kPa thermo-oxidation of hard a-C:D ﬁlms at different conditions. Ratios of
CO2 to CO and HDO to D2O have also been included. Total C and D columns have been calculated as the sum of CO
plus CO2 and HDO plus D2O molecules respectively. D/C (gas) ratio has been calculated by dividing total D by total C
columns.
Gas T ( C) CO CO2 CO2/CO Total C HDO D2O HDO/D2O Total D D/C (gas)
O2 350 0.17 1.3 8.0 1.5 0.048 0.028 1.7 0.10 0.069
NO2 350 0.20 3.2 16 3.4 0.14 0.033 4.2 0.20 0.060
NO2 275 0.34 1.6 4.7 2.0 0.087 0.021 4.2 0.13 0.066
NO2 200 0.15 0.60 3.9 0.76 0.020 0.0064 3.1 0.033 0.043
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astainless steel walls. It results in 5–15% of the m/q 28 signal
during thermo-oxidation.
2. These instantaneous quantities are averaged by normalizing to
the measurement time of each mass spectra and to the anal-
ysis chamber pressure, as both parameters were varied once
during each experiment to improve RGA sensitivity for minor-
ity products. Measurement time is controlled by the RGA pro-
gram, and the pressure by a needle valve to the analysis cham-
ber, see valve 3b at Fig. 1.
3. Finally, the relative, averaged yield rates are calculated by the
sum of all the previously averaged quantities for each product
divided by the thermo-oxidation duration (∼3 h).
The results of this quantiﬁcation are presented in Table 2. As the
veraged yield rates cannot be compared due to the different sam-
led ﬂux from the thermo-oxidation chamber to the analysis one dur-
ng each experiment, their ratios will be used. About 2–4 times more
DO is produced compared to D2O due to its isotopic exchange with
ackgroundwater. The CO2/CO ratio in Table 2 indicates that CO2 pro-
uction is larger than CO, and it depends on the temperature and the
as, as at 275 °C and 200 °C in NO2 the ratio is lower than in the rest,
nd at 350 °C the ratio in O2 is about half than NO2. The CO2/CO ratio
alues obtained agree with previous results: 10–2.5 [12–14], except
O2 at 350 °C, which in this work is larger: 16. As the post-oxidation
f CO into CO2 at 350 °C was much stronger in O2 than in NO2 (m/q
4 increase of 650% versus 100%), then most of the CO2 during the
hermo-oxidation with NO2 has to be generated directly during the
emoval of the a-C:D ﬁlm. Nevertheless, the relative large water yield
f the experiments of this work (the ﬁlm has a larger D/C ratio than
revious works) can also have an effect as water acts a catalyst for the
eaction of CO into CO2 [14].
Total quantity of D atoms divided by the total quantity of C atoms
s also given in Table 2. Except at 200 °C, the D/C ratio obtained in
he gas is similar (0.06–0.07), because the a-C:D ﬁlm is completely
emoved, except for the few remaining ﬁlms not heated during the
xperiment as indicated by the subsequent He/O2 plasma. Further-
ore, at 200 °C the D/C ratio in the gas is lower, 0.043, which indi-
ates that at this temperature NO2 seems to remove more C than D
uring the ﬁrst part of the thermo-oxidation, as detected also on sil-
con samples in a previous work [4]. The initial ratio of the ﬁlm is
= 2.5 D, so this can be physically possible. Notwithstanding, as the
-C:D ﬁlm is completely removed then the D/C ratio detected in the
as should be 0.4 like the ﬁlm, but the obtained values are between
factor 5–10 lower. The reasons for this lower detection are the wa-
er condensation in colder areas, slow water pumping velocity, and
ainly excessive dilution toward HDO by the H2O dragged out, espe-
ially critical in NO2 as its HDO/D2O ratio is between 2 and 3 times
han that of O2, see Table 2. Nevertheless, the quantity of deuterium
roducts found in the experiments (estimated as D/C ratio) is suﬃ-
ient to demonstrate that the detected deuterated water comes from
-C:D thermo-oxidation.
As previously commented, about two-thirds of the ﬁlm volume is
ompletely eroded at 200 °C, which is another indicator of the pos-
ibility of using thermo-oxidation with NO2 at mild temperatures
n nuclear fusion devices. It is necessary to note that 200 °C is theorking temperature of some actual devices without active cooling
ike JET, so a long shutdown would not be required and can be used
t weekends or similar periods (plus the required recovering pro-
edures). In general, thermo-oxidation, especially with NO2, is sug-
ested to be used to remove in a fast way all kind of carbon co-
eposits irrespective of their location or their thickness. However,
he large production of water during thermo-oxidation will advise
gainst the use of this technique in nuclear fusion devices operating
ith tritium. But it could be used after most co-deposits have been
emoved by other techniques, like maintenance plasma, laser, etc. In
his way it will only remove co-deposits at remote places where no
ther technique can access, and the produced tritiated water could
robably be handled.
. Conclusions
Thermo-oxidation in NO2 is a very fast technique to remove car-
on co-deposits in a nuclear fusion device irrespective of their lo-
ation or thickness. The main gas products have been identiﬁed as
he same as in O2: CO and CO2 from carbon removal, and water from
ydrogen isotopes removal. Other products from hydrogen isotopes
ould not be identiﬁed, but their production is expected to be very
ow. The total calculated deuterium products related to carbon prod-
cts is around one order of magnitude lower —0.04 to 0.07— than
he D/C ratio of the ﬁlm 0.4. This is probably caused by the inher-
nt diﬃculties in quantifying water in a vacuum system and by the
sotopic exchange with the relatively large quantity of background,
rotonated water found.
Other ﬁndings of previous works have also been conﬁrmed. One
f them is the possible use of thermo-oxidation to remove carbon co-
eposits even in remote parts at mild temperatures, as even at 200 °C
he reaction velocity is acceptable. In 3 h it has removed about two-
hirds of a 300 nm a-C:D ﬁlm of hard type, much less reactive than the
oft ﬁlms expected in remote parts. Also at 200 °C some indications
f a relatively faster C than D removal have been detected in agree-
ent with previous works. On the other hand, NO2 has been found to
lowly decompose in stainless steels walls to NO and O2, and it also
llows the post-oxidation of CO to CO2. Moreover, at> 275 °C the pre-
iously formed O2 also enhances the post-oxidation of CO, especially
vident in the thermo-oxidation in O2 at 350 °C.
The production of water will complicate its utilization in devices
perating with tritium due to the expensive treatment of tritiated
ater. However, it can be used to remove just the co-deposits in re-
ote parts that other techniques cannot remove, precisely if the rest
f the co-deposits are removed ﬁrst by these techniques (like mainte-
ance plasma, laser, etc.) Nonetheless, thermo-oxidation can be used
o remove carbon co-deposits in any other device where carbon ma-
erials are used (like DIII-D, TCV, JT60-SA, etc.) to improve the plasma
ensity control, reduce dust events, etc.
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